The ToF-SIMS technique was applied to analyze thin ZrO 2 coatings deposited on the surface of a Ni-Ti alloy. Due to its nanostructured nature, these films are difficult to characterize by conventional techniques. ZrO 2 coatings were deposited on near equiatomic Ni-Ti wires by pulse electrodeposition. Part of the samples was electrolytically polished before the coating process. The coated samples were then analyzed by ToF-SIMS to evaluate the influence of the deposition time and previous surface electropolishing on the structure of the deposited coating. The results indicate that thicker coatings were produced on the electropolished samples, in comparison with the as-received ones. The best uniformity in thickness was achieved when Ni-Ti samples were previously electropolished followed by ZrO 2 electrodeposition for 1200 seconds. Moreover, it was possible to observe by this technique that the inclusions in the Ni-Ti matrix were not entirely covered by the coating.
Introduction
Surface phenomena exert a significant influence on the properties of a material, and the understanding of these regions and their interactions with the environment is fundamental. Nevertheless, the study of nanostructured surfaces is particularly difficult and remains a challenge 1, 2 . Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS), one of the leading advancement for the SIMS analysis, appears as a promising technique to overcome the challenges involved in the characterization of nanosurfaces. The results of the ToF-SIMS analysis provide a broad characterization of a surface through depth profiles, mass spectra, element mapping, and three-dimensional (3D) imaging in different depth ranges, as well as the detection of contaminants and impurities 1, 3, 4 .
In ToF-SIMS analysis, the surface of the sample is bombarded by a bundle of primary ions, with energies usually ranging from 10 to 30 keV, which collides with the surface atoms resulting in a transfer of energy and particle tearing from the surface of the sample. These particles, typically ions or molecular fragments, are accelerated towards the detector, and the "flight time" is defined as the amount of time spent between primary beam collision to the sample and the captured signal on the detector. In this way, it is possible to identify and quantify elements and molecules with high mass resolution and also to distinguish between isotopes and species with similar nominal molecular weights [3] [4] [5] [6] [7] . In addition, the interaction volume generated by the primary ions is of the order of a few nanometers, reaching only the first two atomic monolayers, resulting in better lateral and depth resolutions than other usual surface analysis techniques [3] [4] [5] [6] [7] .
In this study, the ToF-SIMS technique was applied to the analysis of difficult-to-characterize nanostructured ZrO 2 films deposited on Ni-Ti wires 8 . The coatings were obtained using pulsed cathodic electrodeposition for different times on wires as received and electrolytically polished. Complementary characterization techniques were also applied: scanning electron microscopy (SEM) and field emission scanning electron microscope (FE-SEM) with energy dispersive X-ray spectrometry (EDX), differential scanning calorimetry (DSC), and X-ray diffraction (XRD).
Methodology
Ni-Ti wires produced by Confluent Medical Technologies (Fremont, CA, USA) were used in this study. The wires had the nominal diameter of 1 mm and chemical composition of 51.1 ± 0.2 at.% Ni (Ti -balance). Prior to the ZrO 2 electrodeposition, the samples were prepared in two different ways: the first group of samples was ultrasonically cleaned for 15 minutes in acetone and deionized water, and then the ZrO 2 coating was directly applied on the as-received surface. The second group of samples was electropolished between the cleansing and coating steps. The electropolishing was carried out using a 3.5 mol·L -1 H 2 SO 4 in methanol electrolyte, setting the potential at 7 V, for 240 seconds 9 .
Both electropolishing and electrodeposition were performed using a potentiostat/galvanostat Autolab PGSTAT100N (Metrohm Autolab, Utrecht, The Netherlands) and a standard Figure 1 ). For the ZrO 2 electrodeposition a solution of 0.05 mol L -1 ZrOCl 2, 1.0 g L -1 polyDADMAC, and 100 g L -1 H 2 O, in methanol, was used as the electrolyte. A cathodic pulsed current density of 3 mA cm -2 (t on = t off = 0.005 seconds) was applied for different times, 1200 and 2400 seconds 8 .
Finally, samples were analyzed by ToF-SIMS (ToF-SIMS V, IONTOF GmbH, Münster, Germany), equipped with a bismuth liquid metal ion gun. The spectra were taken from each sample in the positive polarity, and no sample preparation was required. The sputtering was performed using an O 2 beam (1 keV) over a 400 µm × 400 µm area. The analyzed area was 75 µm × 75 µm, using Bi 3 + pulsed primary ion beam (25 keV). The Measurement Explorer IONTOF software was used for data processing. After the ToF-SIMS analyses, the sputtered surfaces of the samples were observed by FE-SEM/EDX. Figure 2a shows the endothermic and exothermic reactions during a heating/cooling cycle of the as-received Ni-Ti wire obtained by DSC analysis. Upon heating, the sample presented a B19' (martensite) to B2 (austenite) transformation peak. On cooling, the reverse martensitic transformation (B2 to B19') occur. The phase transformation temperatures measured by the DSC are listed in Table 1 . M s (martensite start) and M f (martensite finish) indicate the beginning and end of the martensitic transformation during cooling, whilst A s (austenite start) and A f (austenite finish) are the corresponding temperatures for the formation of austenite upon heating. Since the measured A f temperature is approximately 23°C, the austenite is expected to be the predominant phase of the studied Ni-Ti wire at room temperature (25°C). This is consistent with the observations from XRD (Figure 2b) , where only austenite peaks where detected.
Results and discussion

Substrate characterization and surface preparation
Commercially available Ni-Ti wires frequently present scratch marks and other typical surface defects. Many properties of the materials, including corrosion resistance, are closely related to their surface conditions. In bioapplications of Ni-Ti alloys, the corrosion resistance is a constant concern due to the associated release of nickel ions, and its cytotoxic, mutagenic and allergenic activity. Moreover, surface defects and localized corrosion points act as stress concentrators, which can initiate cracking and cause premature failure of biodevices [10] [11] [12] . The electrochemical techniques of surface modification, such as polishing and deposition, stand out because they significantly improve the properties of Ni-Ti alloys, and present low cost and high reproducibility 9, 10 . Figure 3 illustrates the surface morphologies of the Ni-Ti wire in the as-received state and after electropolishing. The surface of the as-received wire presented a number of pre-existing defects (Figure 3a ), such as scratches and inclusions. After electropolishing, the surface scratches were completely removed and a needlike aspect is observed along the entire surface ( Figure  3b ), which is often associated with a pseudo-martensitic relief structure 13 .
DSC measurements were carried out at temperatures ranging from -80°C to 80°C under a controlled cooling/heating rate of 10°C/min using a Q20 calorimeter (TA Instruments, New Castle, USA). Measurements were performed in triplicate, and the phase transformation temperatures were obtained by the tangent interception method, using the software Universal Analysis 2000 from TA Instruments. Phase identification was performed by X-ray diffraction (Empyrean, PANalytical, Almelo, The Netherlands) using a Cu kα radiation source and a scanning rate of 0.02°·s -1 at the room temperature of 25°C. The obtained diffractograms were compared to reference diffraction patterns available on ICSD database. The surface morphology and semiquantitative chemical composition of the uncoated and coated samples were evaluated by SEM/EDX (Inspect S50, FEI, Hillsboro/ Genesis, EDAX Inc., Mahwah, USA).
The coated samples were prepared by argon ion milling (SEM Mill Model 1060, E. A. Fischione Instruments, Export, USA) to assess the cross-sections of the ZrO 2 coatings. The morphology and the semiquantitative chemical composition were then evaluated by Field Emission Scanning Electron Microscopy -FE-SEM (JSM-7800F LV, JEOL, Tokyo, Japan) equipped with EDX (AZtec, Oxford Instruments, Abingdon, UK). 
Electrodeposited coating and characterization limitations
The cathodic electrodeposition is a widespread process to obtain nanostructured films in various metallic substrates, with important advantages such as thickness control, good uniformity, and purity of the obtained films 14, 15 . Previous studies have shown that the application of ZrO 2 coatings improves the corrosion resistance of Ni-Ti alloys, avoid nickel release to the human body, and can potentially reduce its failure in bioapplications 8, 16, 17 . However, the characterization of ZrO 2 nanocoatings is difficult due to their reduced dimensions. The morphologies of the surfaces after electrodeposition of the ZrO 2 coating for 2400 seconds and the EDX analysis are shown in Figure 4 . Even though it has been demonstrated 8 that the electrodeposition of ZrO 2 coating Ni-Ti wires reduces the surface roughness measured by atomic force microscopy (AFM), the assessment of the coating uniformity using SEM is quite challenging. EDX investigations indicated that the zirconium contents on the ZrO 2 coatings were lower than 2 wt.%, making it hard to obtain a reliable evaluation, even when low acceleration potential was used to avoid the substrate interference on the signal. Additionally, no peaks corresponding to ZrO 2 phases where observed by XRD analyses, even using low glancing angles. This may be explained by the amorphous state of the coating 16, 18 or by its low thickness, that hinders its detection.
The cross-section evaluation of the ZrO 2 coating by SEM analysis was not possible when conventional mechanical polishing techniques were used to expose the transverse section of the wire, probably because the coating detached from the specimen during grinding. The use of the argon ion milling technique to expose the coating cross-section produced irregular steps on the specimen surface such as those of the wire electropolished and coated for 2400 seconds shown in Figure 5 , most likely due to the differences in sputtering rates of coating and substrate. Although the ZrO 2 coating was visible, the coating thickness could not be precisely measured. However, the line scanning profile provided an estimation of the ZrO 2 coating thickness of approximately 150 nm (Figure 5b) .
Hence, the coating morphology and chemical composition could not be precisely characterized, and its thickness could not be assessed.
ToF-SIMS applied to ZrO 2 characterization
The mass spectrum and secondary ion images obtained by ToF-SIMS provide chemical information for a vast number of applications. However, the experiment is inherently complex and the instrumental parameters have to be carefully selected to obtain the information of interest. For instance, the use of Cs as ion source enhances the yield of electronegative ions, while O 2 enhances the yield of the positive ones. Moreover, the monoatomic Bi + ion beam is more appropriate for the detection of inorganic species, whereas polyatomic primary ions (Bi 3 + and Bi 3 ++ ) improve the sensitivity for the detection of high-mass molecular species, such as polymeric additives 3, 7, 19 .
Along with the correct choice of experimental conditions, adequate processing of the acquired data is essential to obtain the target information. The ToF-SIMS spectrum consists of numerous peaks corresponding to fragments of the molecules present at the surface, providing a "fingerprint" that allow the identification of the constituents by comparison to a spectral database. Nevertheless, the analysis of all fragments can be overwhelming and it is not always necessary. According to the aim of the analysis, some characteristic peaks can be selected to identify the compound or to monitor its distribution at the sample volume. In the ToF-SIMS analysis, a full mass spectrum is saved at every volume element, and ion images are collected at each depth during the depth profile measurement 3, 4, 7, 20 .
Therefore, the data obtained from ToF-SIMS analyses can be used to generate 3D images of the chemical composition (lateral and depth distribution) of the analyzed samples, as shown in Figure 6 . These images provide an enlightening overview of the coating thickness uniformity and as well as the elemental distribution. The thickness of the samples coated without prior electropolishing were estimated to be in a range of 50-60 nm, whereas for the electropolished samples, the estimated thickness is between 80 and 90 nm. When comparing samples with the same surface pretreatment, it can be inferred that longer electrodeposition times result in an increasing of the coating thickness. It can also be observed that for the samples without electropolishing the Ti+ signal is detected in a more external position than the Ni+ signal. This indicates the presence of a TiO 2 layer between the ZrO 2 coating layer and the Ni-Ti substrate. For the samples with prior electropolishing, the differences between the Ni+ and Ti+ signals are less pronounced. This is expected since the electropolishing can dissolve surface irregularities and coarse oxide layers in Ni-Ti alloys, while forming a thin protective layer of TiO 2 9 . The Zr + fragments intensity and spatial distribution suggested that the sample of the Ni-Ti wire previously electropolished and with the ZrO 2 coating electrodeposited during 1200 seconds presented the most uniform aspect (Figure 6c ). Therefore, this condition was selected to further investigation of the corrosion resistance and further details on these samples structure and properties can be found elsewhere 17 . For the electropolished sample after deposition for 2400 seconds, a considerably decreasing in the thickness uniformity of the coating is observed ( Figure  6d) . Furthermore, Figure 6c shows an inclusion on the top corner of the 3D model, probably of TiC that does not seem to be covered by the ZrO 2 coating, since only Ti + are detected in the outermost layers. Figure 7 shows the ToF-SIMS compositional depth profiling of the coating deposited for 2400 seconds on the surface of the Ni-Ti wires, in which the ions fragments Zr + , Ni + and Ti + have been monitored as a function of the sputtering time. These profiles confirm the influence of the electropolishing treatment on the ZrO 2 coating layer thickness. By following the fragments signals, it can be seen that for the sample coated with ZrO 2 without prior electropolishing the Zr + signal approaches zero after 300 seconds of analysis time, at the same time as the Ni + and Ti + signals reach their maximum. Moreover, the Ni + signal reaches its maximum significantly after the Ti + signal, corroborating the evidence of an intermediate TiO 2 layer between the coating and the substrate. For the sample coated with ZrO 2 with prior electropolishing, the Zr + signal approaches zero only after 600 seconds, therefore indicating the higher thickness of the ZrO 2 coating on this sample. Additionally, the ToF-SIMS characterization also allowed to conclude that the polyDADMAC codeposition did not occur on the reported conditions since none of the typical fragments of the polymer was detected throughout the entire depth profile acquisition, as previously stated. 17 .
From the elemental depth profile, several points of interest can be selected and two-dimensional (2D) images of select fragments can be generated for each moment. Figure 8 shows the 2D reconstructed images of the Zr + , Ni + and Ti + fragments, of the samples coated with ZrO 2 for 2400 seconds, obtained from different depth ranges of the compositional profile (Figure 7) . For the Ni-Ti wire coated without prior electropolishing (Figure 8a) , the images were reconstructed integrating the scans obtained from sputtering times from 20 to 40 seconds (corresponding to the ZrO 2 coating), from 120 to 140 seconds (ZrO 2 /Ni-Ti interface) and from 350 to 370 seconds (Ni-Ti substrate). In the 2D images corresponding to the ZrO 2 coating, the Zr + mapping shows some dark spots, where the Ti + and Ni + ions were not detected either, indicating a probably surface contamination. Coating defects would have exposed the Ni-Ti substrate and the Ti + and Ni + ions would have been noticeable. As the sputtering progresses, the Ti + and Ni + signals become more intense, while the Zr + intensity diminishes. Also, most of the dark regions (surface contamination) disappeared. At the end of the analyses, Ti + and Ni + signals are stronger and the Zr + ap proaches zero. Figure 8b shows 2D reconstructed ion images of the Ni-Ti wire coated after prior electropolishing. The reconstructions were made from scans of sputtering times ranging from 20 to 40 seconds, from 420 to 440 seconds, and of 580 to 600 seconds, for the regions corresponding to the coating, interface, and substrate, respectively. Following the evolution of the Zr + , Ni + and Ti + fragments for different sputtering times, similar conclusions can be drawn to those of the sample coated with ZrO 2 for 2400 seconds without prior electropolishing. Additionally, some scratches on the ZrO 2 coating are visible, and the nonuniformity in terms of coating thickness can be clearly perceived by observing the images reconstructed from 420 to 440 seconds (corresponding to the ZrO 2 /Ni-Ti interface). The detection of the thickness irregularity through 2D ion mapping complements the compositional depth profile analysis, shown in Figure 7 , providing a more accurate comprehension of the coating structure.
Typical depth profiling artifacts (e.g. variations of sputtering rates of different components and changes on the sputter rates in highly topographic samples) can be corrected to accurately reconstruct the depth profiles 21 . Nevertheless, assuming that the sputter rate through the sample is uniform, the depth calibration can be performed by calculating the sputter rate based on the total sputtering time elapsed to reach a known depth profiles 22 . That is, the measurement of the depth of the final crater can allow the profile depth calibration. However, in our study, the ToF-SIMS crater could not be measured by FE-SEM/EDX (Figure 9 ) and AFM techniques (data not shown) due to the nanometric scale of the coating.
Furthermore, elemental quantification, to convert intensity to concentration, was not performed in our study. The quantification of chemical elements using ToF-SIMS is not straightforward since the fragment intensity depends not only on its concentration but also on the ion yield that can vary with its surrounding environment. This is called the "matrix effect'' which, along with depth calibration complications, makes challenging to convert the ToF-SIMS data from intensity vs. time to concentration vs. depth profile. To overcome this limitation the ToF-SIMS analysis can be combined with many other techniques 3, 4, 7 , which is beyond the scope of this study. Materials Research Figure 9 . FE-SEM/EDX analysis of the surface of Ni-Ti wire coated with ZrO 2 after ToF-SIMS analysis.
Conclusions
Nanometric ZrO 2 coatings obtained by electrodeposition on superelastic Ni-Ti wires were characterized using ToF-SIMS. The results allowed observing the compositional depth profile and spacial distribution of the elements of the deposited coatings. These profiles show that the application of electropolishing as a surface treatment before the ZrO 2 deposition results in thicker coating layers when compared with the coatings deposited straight on the as-received wires. Considering the samples with the same surface preparation, longer electrodeposition times increased the coating thickness. However, for the electropolished wire the thickness uniformity decreased when longer deposition time was used. Also, it has been shown that the inclusions in the matrix are not completely covered by the ZrO 2 coating. Hence, ToF-SIMS technique proved to be a valuable characterization tool for ZrO 2 coatings difficult to study by conventional techniques, and a promising technique for understanding surface and interface phenomena of nanomaterials.
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